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NiFe 2 0 4 nanoceramics were prepared by high-energy ball milling followed by 
a solid-state reaction technique. X-ray powder diffractometry, scanning elec¬ 
tron microscopy, and impedance spectroscopy techniques were used to study 
preliminary structural, microstructural, and detailed electrical characteris¬ 
tics, respectively, of the nickel ferrite nanoceramics. The crystallite size of the 
fine (nanosize) powder of the compound was found to decrease after 30 h, 60 h, 
and 90 h of milling. It was also found that, at low temperatures and high 
frequencies, the relative permittivity and tangent loss of the material were 
size and milling time dependent. Detailed analysis of impedance spectroscopy 
data clearly showed the size dependence of the impedance characteristics and 
dielectric relaxation of the material. The temperature-frequency dependence 
of the alternating-current (ac) conductivity obeyed Jonscher’s universal power 
law. 
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INTRODUCTION 

Although a large number of ferrites from different 
structural families (i.e., perovskites, spinels, hexa- 
ferrites, rare-earth/yttrium iron garnets, etc.) are 
now available, nickel ferrite (NiFe 2 0 4 ) has a special 
position in the spinel structural family. The ferri- 
magnetism in this material originates from the 
magnetic moment of antiparallel spins between Fe 3+ 
ions at tetrahedral sites and Ni 2+ ions at octahedral 
sites. This ferrite has many industrial applications, 
including biomedical. 1 Although this material has a 
small magnetic coercivity value, it is chemically sta¬ 
ble and mechanically hard, with good electrochemical 
performance. 2 Recently, NiFe 2 0 4 (NFO) was identi¬ 
fied as a material for use in negative electrodes for 
Li-ion batteries 3 and supercapacitors. 4 It is now a well- 
established fact that the particle/grain size and shape 
play an important role in tailoring the electrical, 
magnetic, and electrochemical properties of materi¬ 
als for device applications. 5,6 Therefore, selection of 
suitable synthesis/fabrication and characterization 
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methods is highly desirable to obtain microsize and 
nanosize structures and particles. 7 Besides this, 
nickel ferrite, as a semiconductor, has attracted 
much attention from researchers for the development 
of nanopowder and the structure of the material for 
technological applications. The aforementioned 
properties are dependent not only on the particle size 
but also on various other factors such as the chemical 
composition, preparation technique, stoichiometry, 
sintering time, temperature, and atmosphere, sub¬ 
stitution of different ions, etc. 8 Because of strong 
dipole-dipole interaction, there are some problems 
and challenges associated with utilization of nano¬ 
crystalline magnetic materials for devices. One of 
these is aggregation of nanoparticles due to their high 
surface reactivity. 9 Moreover, nanofabrication low¬ 
ers the coordination between atoms on surfaces, 
causing a reduction in the magnetic moment com¬ 
pared with bulk structures. 10 Primary ferrite nano¬ 
particles rapidly aggregate to form spherical clusters 
in order to minimize their surface energy. As a 
result, the fabrication and resulting properties of 
secondary architectures are strongly dependent on 
the morphological and structural features of the 
material. In the present work, an attempt was made 
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to prepare NFO by a mechanical alloying technique 
(with different milling times) followed by thermal 
treatment, and to study the resulting structural and 
electrical (capacitive and resistive) properties in dif¬ 
ferent experimental conditions. 

EXPERIMENTAL PROCEDURES 

Polycrystalline nickel ferrite (NFO) was prepared 
using high-purity, analytical reagent (AR)-grade 
nickel oxide (NiO; M/S HiMedia) and iron oxide 
(Fe 2 0 3 ; M/S-Loba Chemie, India) at the required 
stoichiometry. These ingredients were mixed thor¬ 
oughly in an agate mortar and pestle in dry (air) as 
well as wet (methanol) media. The mixed powder was 
ball-milled in a zirconium grinding jar of 250 ml 
capacity using 10-mm zirconium balls for different 
milling times (30 h, 60 h, and 90 h) in a planetary 
ball mill (PM 100; Retsch, Germany) at ball-to-mass 
ratio of 10:1 and 450 rpm in toluene medium. After 
each 30 h of milling, a small amount of the mixed 
powder was calcined at a relatively low temperature 
(800°C) compared with the mixed oxide method. 11 
The preliminary crystal structure system, grain size, 
and crystallite size of the ball-milled powder samples 
were determined using the x-ray diffraction pattern 
(Miniflex; Rigaku, o Japan) recorded with Cu K a radi¬ 
ation U = 1.5418 A) over a wide range of Bragg angle 
at room temperature. The calcined powders were 
mixed thoroughly with polyvinyl alcohol (PVA, bin¬ 
der) solution, then pressed into disk-shaped pellets 
(10 mm diameter, 1 mm to 2 mm thickness) at pres¬ 
sure of 5 x 10 6 kg/m 2 . The pellets were sintered at 
820°C for 4 h in air. The grain size and its distribution 
on the surface of the pellet samples were obtained by 
scanning electron microscopy (SEM, JSM mod¬ 
el 6510; JEOL, USA). Highly conducting silver paint 
was used to form electrodes on both surfaces of the 
sintered ceramics for electrical measurements. The 
capacitance, dissipation factor, impedance, and 
related parameters were obtained as a function of 
temperature (30°C to 525°C) over a wide range of 
frequency (1 kHz to 1 MHz) using a computer-con- 
trolled phase-sensitive meter (PSM LCR, mod¬ 
el 1735; N4L, UK) with a laboratory-designed/ 
fabricated sample holder. 

STRUCTURAL AND MICROSTRUCTURAL 
ANALYSES 

Figure 1 shows the room-temperature XRD pat¬ 
terns of NFO powder samples milled for different 
durations. The diffraction patterns consist of a num¬ 
ber of characteristic peaks. The broad reflection peaks 
indicate that the samples were composed of small 
particles. With increasing milling time, the width of 
the reflection peaks increased but the intensity de¬ 
creased continuously, confirming that the crystallite 
or particle size of the powders decreased with 
increasing milling time. The crystallite size (P) of the 
milled samples was calculated from the broadening 



Fig. 1. XRD patterns of NiFe 2 0 4 after different milling times. 


of the reflection profile using the Debye-Scherrer 
formula: P = , where /? is the broadening (in 

radians) of a diffraction line measured at half-maxi¬ 
mum intensity, X - 1.5406 A (the wavelength of Cu K a 
radiation), and 6 is the Bragg angle. The amount of 
broadening of the experimental XRD peaks suggested 
that a large number of defects were introduced into the 
samples with increasing milling time. Broadening of 
reflection lines can be caused not only by small particle 
or crystallite size but also by lattice strain, instru¬ 
mental errors, dislocations, impurities, etc. 12 As pow¬ 
der samples were used to record the XRD patterns, 
broadening due to strain and other mechanical defects 
was ignored in the crystallite size calculation. The 
calculated crystallite size of the samples was 29 nm, 
25 nm, and 21 nm for milling time of 30 h, 60 h, and 
90 h, respectively. The reflections at 30.281°, 35.761°, 
37.112°, 43.721°, 54.081°, 57.41°, and 63.241° (on the 
x-axis) were indexed to the (220), (311), (222), (400), 
(422), (511), and (440) planes of the face-centered cubic 
structure (with space group Fd3m), being highly 
consistent with reported data. 13 

The scanning electron micrographs in Fig. 2a-c 
show that, with increasing milling time, the grain 
size decreased continuously. The grain size of the 
samples was found to be in the range of 0.030 /im to 
0.061 fim. In all samples, most of the grains were 
uniformly distributed on the surface of the pellet. 
The nature (size, distribution, and voids) of the 
grains clearly suggested that the pellet samples had 
high density (i.e., less voids). 

DIELECTRIC STUDIES 

Figure 3a-c shows the temperature dependence 
of the relative dielectric constant (e r ) and loss tan¬ 
gent (tan d) at various frequencies for the milled 
NFO samples. Both dielectric parameters (e r and 
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Fiq. 2. SEM imaqes of NiFe 2 0 4 after millinq time of (a) 30 h, 
(b) 60 h, and (c) 90 h. 


tan 3) decrease with increasing frequency, which is 
a general feature of dielectric materials. It is a well- 
known fact that, at low frequency, all the different 
types of polarization (interfacial, dipole, atomic, 
ionic, electronic, etc.) exist in dielectrics. These 
types of polarization slowly vanish with increasing 
frequency, and as a result the dielectric constant 
decreases. There are some other reasons for the 
higher value of dielectric constant at low frequency. 
According to the Maxwell-Wagner interfacial 
polarization law, 14 dispersion or a higher value of 
dielectric constant is observed at low frequency, 
which is in good agreement with Koop’s phenome¬ 
nological theory. 15 This theory explains that the 
dispersion is a result of the inhomogeneous nature 
of the dielectric structure, being composed of two 
layers. 15 The first layer is formed of large ferrite 
grains of highly conducting material, which is sep¬ 
arated by the second, thin layer of relatively poorly 
conducting material (grain boundary). The grain 
boundaries are more effective at lower frequencies, 
while the grains are found to be more effective at 
higher frequencies. In ferrite materials, electrons 
being the majority charge carriers, the hopping 
mechanism of electrons takes place between Fe 3+ 
ions and Fe 2+ ions present at different crystallo¬ 
graphic sites. The small value of e r at higher fre¬ 
quencies may be due to the fact that electron 
hopping between Fe 3+ and Fe 2+ ions at both octa¬ 
hedral and tetrahedral sites cannot follow the 
alternation of the ac electric field at these frequen¬ 
cies. Therefore, electrons have to pass through the 
well-conducting grains and poorly conducting grain 
boundaries. Since the grain boundaries offer high 
resistance, the electrons become crowded there, 
resulting in enhanced space-charge polarization. As 
a result, the material has a larger g r value in the 
low-frequency range. With increasing frequency, 
the direction of motion of the electrons changes 
rapidly. This hinders the movement of electrons 
inside the dielectric material, thereby reducing the 
charge accumulation at grain boundaries. Thus, 
lower space-charge polarization and relative per¬ 
mittivity are observed. Furthermore, s r gradually 
increases with increasing temperature, showing 
the same trend as observed for tan 3. The rate of 
increase of tan 3 in the material at low tempera¬ 
tures is slow, whereas at higher temperatures the 
increase is relatively sharper. This sharp increase 
in the value of tan 3 at higher temperatures is due 
to scattering of thermally activated charge carriers 
and the presence of some unknown defects (includ¬ 
ing oxygen vacancies) in the material. At higher 
temperatures, the domination of conductivity is 
responsible for the rise in tan 3 (Fig. 3a-c). With 
increasing milling time, the dielectric constant also 
continues to increase in the low-temperature/fre- 
quency region. The same trend is observed in the 
high-temperature/frequency region; For example, 
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Fig. 3. Temperature dependence of s r and tan S at various frequencies for NiFe 2 0 4 with milling time of (a) 30 h, (b) 60 h, and (c) 90 h. 


the dielectric constant at 500°C is 402 (for 30 h), 598 
(for 60 h), and 627 (for 90 h) at 1 MHz. As the 
composition, milling configuration, and annealing 
temperature were the same for all three samples 
with different milling times, the decrease in particle 
size is observed to be responsible for this enhance¬ 
ment of the dielectric constant. It is observed that, 
with increasing milling time, there is a remarkable 
change in the loss spectrum of the different sam¬ 
ples. One observes an anomaly in both the relative 
dielectric constant (e r ) and tan 5 at about 300°C, and 
the dielectric peak shifts towards lower temperature 
with increasing frequency. 

IMPEDANCE SPECTRUM ANALYSIS 

The impedance spectroscopy (IS) technique is 
based on analyzing the ac response of a system to a 
sinusoidal perturbation, with subsequent calcula¬ 
tion of the impedance and related parameters as 
functions of the frequency of the perturbation at 
different temperatures. It is also a reliable tech¬ 
nique to investigate the electrical properties and 
related conduction process of the material. The 
impedance properties of a material are highly 
related to its intragrain, intergrain, and electrode 
processes. The motion of the charge carriers affects 
the (i) dipolar orientation, (ii) space-charge formation, 


and (iii) charge displacement. Thus, the complex 
impedance formalism allows one to separate out the 
contributions from the bulk, grain boundaries, and 
electrode effects/phenomena for the material at gi¬ 
ven temperature and frequency. Therefore, complex 
impedance spectroscopy (CIS) is a powerful nonde¬ 
structive technique to investigate the electrical 
properties of a material over a wide range of fre¬ 
quency and temperature. The CIS technique corre¬ 
lates the electrical process with the microstructure 
of the material. 16-1 ^ Some impedance parameters of 
the material (i.e., capacitive and resistive compo¬ 
nents) lead to a succession of semicircles when 
represented on a Nyquist plot. Generally, the fre¬ 
quency dependence of the dielectric properties of a 
material can be described in terms of the following 
quantities: 

Complex dielectric constant : s* = s' —js 1 ", (1) 


Complex impedance : Z* = Z r —jZ" = R s -— 

(oCJ s 

( 2 ) 


Dielectric modulus : M* = M’ +jM” = jcoCoZ*, (3) 
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Fig. 4. Frequency and temperature dependence of Z and Z' for NiFe 2 0 4 samples with milling time of (a) 30 h, (b) 60 h, and (c) 90 h. 


Dielectric loss : tan 3 = — = . (4) 

s' Z" M' 


These parameters are related to each other. In 
these equations, co is the angular frequency, s 0 is the 
permittivity of free space, and R s and C s are the 
series resistance and capacitance, respectively. All 
the above expressions provide wide scope for 
graphical representation, since all of them can be 
used to calculate the complex impedance of the 
electrode-ceramic-electrode capacitor (demon¬ 
strated as the sum of a single RC circuit with par¬ 
allel combination) as per the relation 

<5) 

This complex equation can be resolved into two 
components (the real and imaginary part), 
expressed as 

Z>,T) = Z„m/^gJ (6) 


and 


Z>,T)=Z 0 (T) 


(a>TYY(T,T)dT 
1 + co 2 t 2 


(7) 


where t = R\>Ch represents the relaxation time, T is 
the time period, and Y(t, T) is the distribution 
function of the relaxation time. The variation of the 
imaginary part of the complex impedance 
Z"(co, T) provides information about the distribution 
function Y( t, T). 

Figure 4a-c shows the frequency variation of the 
real and imaginary parts of the impedance (Z' and 
Z") for the NFO samples with different milling 
times at different temperatures. The value of Z' 
decreases with increase in frequency, whereas it 
increases with rise in temperature. The magnitude 
of Z' decreases with increasing temperature in the 
low-frequency range, and the data merge in the 
high-frequency region irrespective of temperature. 
This nature of the plot may be due to the release of 
space charge . 1( The reduction in the barrier prop¬ 
erties of the material with rise in temperature may 
be a factor responsible for the enhancement of the ac 
conductivity of the material at higher frequen¬ 
cies. 20,21 Further, in the low-frequency region, there 
is a decrease in the magnitude of Z' with rise in 
temperature, showing negative temperature coefficient 
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of resistance (NTCR) behavior. This behavior 
changes drastically in the high-frequency region, 
showing complete merging of the Z' plots above a 
certain frequency. At high frequency, the values of 
Z' at different temperatures coincide, implying the 
possible release of space charge. 19 A peak at a par¬ 
ticular frequency (at which Z' becomes independent 
of frequency) was observed, shifting to higher fre¬ 
quency with increasing temperature. This shift in 
the Z' plateau indicates the existence of a frequency 
relaxation process in the material. The curves dis¬ 
play a single relaxation process and indicate an 
increase in the ac conductivity with increase in 
temperature and frequency. 20 A monotonic decrease 
in Z" in the low-temperature region with the 
appearance of peaks in the loss spectrum at high 
temperatures and a significant increase in peak 
broadening with increasing temperature are the 
special features of the loss spectrum. The absence of 
peaks in the loss spectrum in the low-temperature 
range (up to 275°C) for all the milled samples sug¬ 
gests the lack of current dissipation in this tem¬ 
perature region. The pattern shows peaks at a 
particular frequency, which is different for the 
samples with different milling times, describing the 
type and strength of the electrical relaxation phe¬ 
nomenon in the material. 20-22 The value of Z" 
reaches a maximum (Z" max ) at 350°C. The Z" max 
value shifts to higher frequency with increasing 
temperature, indicating an increase of the tangent 
loss of the sample. The significant increase in the 
broadening of the peaks with increase in tempera¬ 
ture suggests the existence of a temperature 
dependence of the electrical relaxation phenomenon 
in the material. The relaxation process may be due 
to the presence of electrons/immobile species at low 
temperatures and defects/vacancies at higher tem¬ 
peratures. The asymmetric broadening of the peaks 
suggests a spread of the relaxation time with two 
equilibrium positions. The peak heights are pro¬ 
portional to the bulk resistance (i? b ) and can be 
explained using the equation Z" = R h [co' r/(l + CO 2 T 2 )] 
for plots of Z" versus frequency. Furthermore, the 
magnitude of Z" gradually decreases with a shift in 
the peak frequency towards higher frequency, 
finally merging in the high-frequency region. This is 
an indication of accumulation of space charge in the 
material. 23 

It is observed that, with increasing milling time, 
both Z' and Z" first increase with rise in tempera¬ 
ture, then remain constant above 400°C. These 
parameters are also independent of frequency. The 
value of Z" max shifts to higher frequency with 
increasing milling time of the material, indicating a 
decrease of the tangent loss. A significant increase 
in the broadening of the peaks with increasing 
milling time suggests enhancement of the electrical 
relaxation phenomenon in the material. 

Figure 5a-c shows complex impedance spectra 
(Nyquist plots) for the compound measured at 
different temperatures (> 300°C) over a wide range 


of frequency (100 Hz to 1 MHz). The impedance 
properties of the material are characterized by 
semicircular arcs whose pattern of evolution chan¬ 
ges with temperature. The intercept of the semi¬ 
circles with the real axis (jc-axis) and their number 
in the spectrum provide information regarding the 
kind of electrical processes occurring within 
the material. The correlation between the arcs and 
the microstructure of the material can be estab¬ 
lished by considering an equivalent electrical cir¬ 
cuit. The experimental and theoretically fit data 
were investigated using commercially available 
software (ZSimpWin version 2.0) for an ideal Debye¬ 
like response. The equivalent circuit (Fig. 5a-c) for 
the fitting curves consists of a parallel combination 
of CR and CQR, where Q is known as a constant- 
phase element (CPE). Using the fit curves, the val¬ 
ues of the bulk resistance (i? b ), grain-boundary 
resistance (i? gb ), bulk capacitance (C b ), and grain¬ 
boundary capacitance (C gb ) at different tempera¬ 
tures were calculated, as compared in Table I. The 
semicircular arcs of the impedance pattern were 
mainly attributed to a parallel combination of 
resistance and capacitance. As the temperature 
increases from room temperature, the arc progres¬ 
sively becomes semicircular with a shift of the cen¬ 
ter towards the origin of the complex plane plot. 
With further increase in temperature, the slope of 
the line decreases, and it bends towards the Z'-axis 
(above 300°C), thus a semicircle could be traced 
indicating the increase in conductivity of these 
samples. 20 The presence of the semicircular arcs for 
temperatures above 300°C suggests that the elec¬ 
trical processes in the material are basically due to 
the contributions from the bulk material (grain 
interior) and grain boundaries. With increasing 
milling time, the radius of the semicircular arc 
generally increases. A comparative study of the 
Nyquist plots at 500°C is shown in Fig. 5d. The 
capacitive and resistive parameters at 300°C to 
500°C for the samples milled for 30 h, 60 h, and 
90 h are presented in Table I, providing some fun¬ 
damental ideas on the disorder present in the nan¬ 
oceramics. 

For an ideal, Debye-type relaxation, a perfect 
semicircle with center on the Z'-axis is expected. In 
the studied material, depressed semicircles corre¬ 
sponding to non-Debye-type relaxation were 
observed. A distribution of relaxation times is 
expected in the material instead of a single relaxa¬ 
tion time. 20,21 The intercept of each semicircle with 
the real, Z'-axis gives the value of the bulk and 
grain-boundary contributions to the resistance/ 
impedance. The semicircles in the impedance spec¬ 
trum have a characteristic peak occurring at a 
unique relaxation frequency, usually referred to as 
the resonance frequency (f r , or co r = 2nf r ). It can be 
expressed as co r RC = co r t = 1 and thus f Y = 1/27 zRC, 
where t is the relaxation time. The relaxation time 
due to the bulk effect (r b ) was calculated using the 
equation co r r b = 1, or T b = l/2nf Y . 
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Fig. 5. Nyquist plot for (a) 30 h, (b) 60 h, and (c) 90 h milled NiFe 2 0 4 samples at different temperatures and (d) their comparison at 500°C. 


Table I. Comparison of impedance fitting parameters (i?b? Cb, R g b> C gb ) at different temperatures for NiFe 2 0 4 
samples with different milling times 


Milling Time (h) Temperature (°C) Cb 

(nF) 


R h (n) 

c gfc 

, (nF) 

Rgb 

(Q) 

30 

300 

1.012 

X 

10' 

-10 

4.12 x 10 4 

1.002 

X 

1(T 10 

4.324 

X 

10 4 


350 

1.032 

X 

10“ 

-10 

3.54 x 10 6 

1.047 

X 

10~ 10 

5.275 

X 

10 4 


400 

1.056 

X 

10' 

-10 

3.161 x 10 4 

2.012 

X 

1(T 10 

3.867 

X 

10 4 


450 

2.236 

X 

10" 

-10 

1.047 x 10 4 

3.964 

X 

IQ- 10 

1.694 

X 

10 4 


500 

1.127 

X 

10" 

-7 

48.16 

1.645 

X 

IQ- 10 

7.499 

X 

10 4 

60 

300 

1.616 

X 

10' 

-7 

772.9 

1.045 

X 

io - 10 

8.853 

X 

10 4 


350 

4.303 

X 

10" 

-7 

1.043 x 10- 5 

1.191 

X 

1(T 10 

2.024 

X 

10 5 


400 

9.282 

X 

io- 

-7 

1.265 x 10“ 6 

1.202 

X 

io - 10 

1.389 

X 

10 5 


450 

4.039 

X 

10 

-8 

8.079 

2.829 

X 

IQ- 10 

2.116 

X 

10 4 


500 

6.634 

X 

10' 

-8 

27.38 

1.567 

X 

io - 10 

1.849 

X 

10 4 

90 

300 

1.666 

X 

10 

-8 

30.6 

1.135 

X 

IO- 10 

6.03 

X 

10 5 


350 

1.438 

X 

io- 

-8 

2.173 

1.221 

X 

io - 10 

8.415 

X 

10 5 


400 

2.187 

X 

10 

-7 

0.01 

1.25 

X 

IQ- 10 

6.269 

X 

10 5 


450 

6.797 

X 

10' 

-7 

18 

1.43 

X 

io - 10 

2.345 

X 

10 5 


500 

2.228 

X 

10 

-7 

17.06 

2.754 

X 

IQ- 10 

3.83 

X 

10 4 

COMPLEX ELECTRIC MODULUS ANALYSIS 


rise 

in frequency, the values of M' coincide, 

indi- 


Figure 6a-c shows the variation of M' and M" 
with frequency at selected temperatures (>300°C). 
The value of W approaches zero with decreasing 
frequency with monotonic dispersion, whereas with 


eating negligibly small contributions from electrode 
polarization. The value of M' is maximum at a 
particular frequency called the relaxation frequency 
CRf), and the M 7 maximum shifts to higher frequency 
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Fig. 6. Variation of Ml and M" with frequency for NiFe 2 0 4 samples milled for (a) 30 h, (b) 60 h, and (c) 90 h. 


as the temperature increases. The relaxation time 
can be calculated using the relation 2nR{i rn = 1, 
which is a condition for the transition from long- 
range to short-range mobility. This may be due to 
the presence of conduction phenomenon and short- 
range mobility of charge carriers. This implies that 
there is a lack of restoring force for flow of charges 
under the influence of a steady electric field. 23 The 
M"max peak shifts to the higher frequency side. This 
nature of the dielectric relaxation suggests that the 
hopping mechanism of charge carriers dominates 
intrinsically at higher temperatures in a thermally 
activated process. Asymmetric broadening of the 
peak indicates a spread of relaxation with different 
time constants, which suggests the occurrence of 
non-Debye-type relaxation in the material. 24 

AC CONDUCTIVITY STUDY 

Electrons in nickel ferrite are localized, hence the 
electrical conductivity increases with increase in 
temperature due to hopping of charge carriers. 
Electrical conduction in NFO is due to electron 
hopping between Fe 2+ and Fe 3+ ions and hole hop¬ 
ping between Ni 3+ and Ni 2+ ions at B sites 25,26 

Ni 3+ Ni 2+ + e + (polaron hopping) 


Fe 2+ Fe 3+ + e (electron hopping) 

The dielectric data were used to calculate the ac 
conductivity using the relation o ac = coee 0 t an <5, 


where e 0 is the dielectric permittivity of free space 
and other parameters have their usual meanings. 
The activation energy E a , based on a thermally 
activated process, can be calculated using the rela¬ 
tion cr ac = a 0 exp(—E a /kT ), where k is the Boltzmann 
constant and cr 0 is a preexponential factor. The 
temperature dependence of the ac conductivity of 
different milled samples at different frequencies is 
shown in Fig. 7a-c. In the Arrhenius plot (log er ac 
versus lOOO/T) the value of log <r ac increases linearly 
with increase in temperature. The estimated (using 
linear fitting) activation energy value in the high- 
temperature region (300°C to 500°C) at different 
frequencies is compared in Table II. For each fre¬ 
quency in the plots, the occurrence of different slopes 
in different temperature regions shows the presence 
of multiple conduction processes with different 
activation energies in the samples. 27,28 The value of 
cT ac decreases with increasing milling time. The 
conductivity decreases with milling time because of 
the decrease in grain size, and also due to the 
reduction in the number of Fe 3+ -Fe 2+ pairs at 
octahedral sites arising from the partial displace¬ 
ment of Fe 3+ ions from octahedral to tetrahedral 
sites. 29 The activation energy due to electron hop¬ 
ping is on the order of 0.4 eV. The intermediate 
activation energy value (0.58 eV to 0.77 eV) is due 
to hopping of holes in addition to electron hopping. 
The anion vacancies are expected to give the 
higher activation energy (~1.03 eV). This activa¬ 
tion energy value is characteristic of diffusion of 
oxygen vacancies. 

To get a better understanding of the conduction 
mechanism in the material, Jonscher’s universal 
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Fig. 7. Variation of a ac with inverse absolute temperature for NiFe 2 0 4 samples milled for (a) 30 h, (b) 60 h, and (c) 90 h. 


Table II. Activation energy of NiFe 2 0 4 with 
different milling times at different frequencies 


Milling 

Frequency 

Activation 

Time (h) 

(Hz) 

Energy (eV) 

30 

25 k 

0.7029 


100 k 

0.6954 


250 k 

0.6650 


500 k 

0.5896 


1 M 

0.4626 

60 

25 k 

1.0353 


100 k 

0.9053 


250 k 

0.7763 


500 k 

0.6651 


1 M 

0.6535 

90 

25 k 

0.8803 


100 k 

0.6349 


250 k 

0.4677 


500 k 

0.3455 


1 M 

0.2585 


power law 30,31 was used. The total conductivity of the 
material can be obtained as gt(cd) = er(0) + gi(cjo) = 
a(0) +Aco n , where cr(0) is the frequency-independent 


term giving the direct-current (dc) conductivity and 
g i(co) is the purely dispersive component of the ac 
conductivity, having a characteristic power-law 
behavior in terms of frequency (co). The value of the 
exponent lies between zero and one. The parameter 
n is frequency independent but temperature and 
material dependent. The preexponential factor 
A determines the polarizability strength and is tem¬ 
perature dependent. 

Figure 8a-c shows the variation of G ac with fre¬ 
quency at selected high temperatures with nonlin¬ 
ear model fitting using Jonscher’s power law. 
The value of g is frequency dependent in the 
high-frequency region and independent in the 
low-frequency region. Extrapolation of the low- 
frequency G ac gives g dc* However, the increasing 
trend of G ac with rise in frequency (in the low-fre¬ 
quency region) may be due to disordering of cations 
between neighboring sites and the presence of 
space charge. In the high-frequency region, the 
curves approach each other. The curves exhibit a 
low-frequency dispersion phenomenon, obeying 
Jonscher’s power-law equation. The origin of the 
frequency dependence of the conductivity lies in the 
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Fig. 8. Frequency dependence of ac conductivity of NiFe 2 0 4 with milling time of (a) 30 h, (b) 60 h, and (c) 90 h. 


relaxation phenomena arising due to mobile charge 
carriers. 31 When a mobile charge carrier hops to a 
new site from its original position, it remains in a 
state of displacement between two potential-well 
energy minima. Also, the conduction behavior of the 
material obeys the power law cf(co) °c co n y with a 
slope change governed by n in the low-temperature 
region. A small value of n (< 1) suggests the 
involvement of translational motion with sudden 
hopping, whereas a larger value of n (> 1) suggests 
the involvement of localized hopping without the 
species leaving the neighborhood. The frequency at 
which the change in slope takes place is known as 
the hopping frequency of polarons (up), and is 
temperature dependent. From nonlinear fitting it is 
found that the motion of charge carriers is trans¬ 
lational because of the small value of n (<1). 32,33 
The nonlinear fitting data for different milling 
times and at different temperatures are presented 
in Table III. The dc conductivity increases with rise 
in temperature, as expected. 


Table III. Comparison of frequency/temperature- 
dependent A and n values of NiFe 2 0 4 with different 
milling times 


Milling 
Time (h) 

Temperature 

(°C) 

4 



n 

30 

300 

2.8287 

X 

10' 

-9 

0.710 


350 

2.7081 

X 

10 

-9 

0.718 


400 

1.7681 

X 

10 

-9 

0.760 


450 

1.7614 

X 

10 

-9 

0.760 


500 

1.7246 

X 

10“ 

-9 

0.770 

60 

300 

7.295 

X 

10“ 

-10 

0.788 


350 

1.5639 

X 

io- 

-9 

0.723 


400 

1.463 

X 

10 

-9 

0.733 


450 

9.6153 

X 

io- 

-10 

0.781 


500 

1.0203 

X 

10 

-9 

0.792 

90 

300 

1.7088 

X 

io- 

-10 

0.884 


350 

2.911 

X 

io- 

-10 

0.841 


400 

2.713 

X 

io- 

-10 

0.868 


450 

7.1427 

X 

10 

-10 

0.795 


500 

1.7246 

X 

10 

-9 

0.770 
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CONCLUSIONS 

NiFe 2 0 4 nanoceramic samples were synthesized 
by high-energy ball milling followed by low-tem¬ 
perature heating. Formation of face-centered cubic 
(FCC) NiFe 2 0 4 phase with inverse spinel structure 
was confirmed by preliminary structural analysis. 
The crystallite size of the material was calculated 
using Scherrer’s equation. With increasing milling 
time, the crystallite size of the sample decreased. 
SEM showed a uniform distribution of grains on the 
surface of pellet samples. The grain size was found 
to be in the range of 0.030 pm to 0.061 pm. The ac 
conductivity increased with increase in temperature 
but decreased with increase in milling time. The 
impedance studies showed the presence of grains 
(bulk) and grain boundaries in all the ceramic 
samples milled for 30 h, 60 h, and 90 h. The exis¬ 
tence of NTCR in the material was observed. Mod¬ 
ulus analysis indicated that the material exhibits 
non-exponential-type conductivity relaxation. 
Experimental impedance data were used to esti¬ 
mate the electrical conductivity of the material. An 
equivalent circuit was used to demonstrate the 
electrical phenomena occurring inside the material. 
The ac conductivity obeys Jonscher’s universal 
power law. The impedance spectroscopy of the 
material confirms the origin of the relaxation 
mechanism in the system. 
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